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Legionella pneumophila is a facultative intracellular gramnegative rod that causes epidemic, sporadic, and nosocomial pneumonia (33, 43, 54, 55) . Epidemiological evidence suggests that the environmental source of these infections is freshwater, including potable water supplies and cooling towers (54, 58) . In water sources linked to outbreaks of Legionnaires' disease, Legionella is found replicating within protozoa such as freeliving amoebas, implicating amoebas as important in the transmission of Legionnaires' disease (7, 32) . Inside free-living amoebas, L. pneumophila resides within a phagosome (4) . To evade host cell defenses, virulent L. pneumophila prevents phagosome-lysosome fusion. Instead, rough endoplasmic reticulum is recruited to the phagosome, and a replicative vacuole is formed (1, 10) . L. pneumophila has a similar lifestyle in human macrophages (45, 46, 80) , a host cell type that is thought to be a niche for Legionella replication in human infection (42, 85) .
Many genes that are important for the initial steps of L. pneumophila invasion of macrophages have been identified and studied (67, 84) ; fewer genes that are specifically important in amoebas have been studied (12, 30, 38, 39) . Although there is overlap between gene products necessary for infection of both cell types (35, 76) , different gene products are likely to be necessary for survival in free-living amoebas and not macrophages. For example, L. pneumophila cells grown within amoebas are more infectious than broth-grown L. pneumophila for macrophage-like cell lines (20) , suggesting that L. pneumophila genes important for human infection are activated within amoebas. Identifying genes important for survival in amoebas versus macrophages may give us insight into what makes L. pneumophila infectious for humans.
Recently, a negative-selection strategy, signature-tagged transposon mutagenesis, has been successfully employed to identify genes important for in vivo virulence in a variety of gram-negative and gram-positive bacteria (15, 18, 21, 27, 41, 56, 62) . In brief, this technique involves creating a library of bacterial transposon mutants, with each transposon tagged with a unique DNA sequence. Pools of mutants, rather than individual strains with transposon insertions, are then screened in host cells or animals. The output pool-containing strains capable of entry into cells, intracellular replication, and cellto-cell spread-is compared to the input pool by hybridizing the unique tags present in the output pool to a filter containing input DNA. Those clones missing from the output pool are potentially avirulent.
In this study, a library of L. pneumophila mutants containing signature-tagged transposon insertions was screened in freeliving Acanthamoeba castellanii amoebas to identify genes necessary for infection (27, 41) . Because L. pneumophila can undergo a 1,000-fold amplification within these cells, it is possible to detect the loss of clones not competent for intracellular replication. From the first 700 transposon mutants screened, we isolated six clones that were attenuated in virulence in A. castellanii. To determine if the mutants had different phenotypes in different host cells, we tested these six mutants in three additional cell types: (i) Hartmannella vermiformis, a free-living amoeba that has been linked to nosocomial Legionnaires' disease (11, 32) ; (ii) phorbol myristate acetate (PMA)-treated U-937 cells, a macrophage-like cell line used to study L. pneumophila (61) ; and (iii) peripheral blood mononuclear cell (PBMC)-derived human macrophages. For the six mutants, the DNA transposon junction was cloned and sequenced. Four of the genes flanking the transposon insertions encode putative proteins with amino acid similarity to known virulence factors from Legionella or other bacteria. These data, together with the sequence similarities, are presented.
MATERIALS AND METHODS

Bacterial strains and cultures.
A streptomycin-resistant mutant of L. pneumophila serogroup 1 (130b) (20, 28) , designated LpAA100jm (27) , was cultured in (buffered yeast extract ␣-ketoglutarate-morpholinepropanesulfonic acid (BYE␣-MOPS) or BYE␣-N-(2-acetamido)-2-aminoethanesulfonic acid (BYE␣-ACES) at 37°C in a roller or on buffered charcoal yeast extract agar ␣-ketoglutarate-MOPS (BCYE␣-MOPS) at 37°in a 5% CO 2 incubator (25, 26, 29, 60) . BYE␣-MOPS (pH 6.9) contains (per liter) 2 g of MOPS, 2 g of ␣-ketoglutaric acid, 15 g of yeast extract, 2 g of KOH, 0.4 g of L-cysteine, and 0.025 g of ferric pyrophosphate. BCYE␣-MOPS agar contains (per liter) 2 g of activated charcoal and 15 g of Bacto Agar in addition to the ingredients in BYE␣-MOPS. BYE␣-ACES (pH 6.9) contains (per liter) 10 g of ACES, 0.77 g of ␣-ketoglutaric acid, 10 g of yeast extract, 2.6 g of KOH, 0.4 g of L-cysteine, and 0.025 g of ferric pyrophosphate. Bacto Agar and yeast extract were obtained from Difco, and all other components were from Sigma.
A salt-resistant mutant, AP1, was isolated by 10 serial passages of wild-type L. pneumophila on BCYE␣-MOPS agar containing 125 mM NaCl. The saltresistant mutant does not replicate in A. castellanii, H. vermiformis, U-937 cells, or PBMC-derived macrophages (this study). A signature-tagged derivative of the salt-resistant strain AP2 was derived as described below. Antibiotic concentrations in L. pneumophila media were 200 g ml Ϫ1 for streptomycin and 25 g ml Ϫ1 for kanamycin. Growth curves for wild-type and mutant L. pneumophila were performed by recording the optical densities at 600 nm in triplicate as a function of time, and the doubling times during exponential growth were determined.
DNA manipulations. Plasmid DNA was made by the alkaline lysis method (70) or with a QIAGEN plasmid midi kit or a QIAprep spin miniprep kit (QIAGEN) according to the manufacturer's instructions. L. pneumophila chromosomal DNA was purified by the cetyltrimethylammonium bromide method (69) . Restriction enzymes and T 4 DNA ligase were obtained from New England Biolabs or GibcoBRL. Transformations were performed in Escherichia coli DH5␣ (GibcoBRL).
PCR for signature-tagged mutagenesis and inverse PCR was carried out using Taq DNA polymerase or eLONGase enzyme mix (GibcoBRL), respectively, in a programmable thermal controller (MJ Research Inc.).
Signature-tagged mutagenesis. The isolation of the signature-tagged library in L. pneumophila has been described (27) . The library was enlarged by mating plasmid pC6HT (27) from SM10pir (24, 77) into LpAA100jm and collecting more transconjugants. Two hundred fifty mutants were screened from this library, and 450 were screened from the already published library. As a control for the screening, pC6HT was mated into the salt-resistant strain AP1 and a saltresistant, signature-tagged clone, AP2, was added to one 96-well plate containing the library. To screen the mutants, 96 strains were grown on BCYE␣-MOPS agar for 72 h and pooled. On average, 5 ϫ 10 6 CFU of input pool (multiplicity of infection [MOI] of 10:1) were used to infect a monolayer of amoebas as described below. The output pool was isolated from amoebas as described below at 72 h. Typically 10 6 to 10 8 CFU were isolated. Under these screening conditions, the hybridization signal from AP2 was reproducibly absent. All screens were performed twice.
Filters containing DNA from each of the input pools were made by transferring the strains from a 96-well plate onto a Hybond N ϩ filter (Amersham) on a BCYE␣-MOPS agar plate containing kanamycin and streptomycin. Colonies formed after 3 days. DNA was isolated on the filter according to the manufacturer's instructions. Portions of the input pool and the output pool were used to make [␣-
32 P]dCTP-radiolabeled tags by PCR with primers P2 (5Ј-TACCTACA ACCTCAAGCT-3Ј) and P4 (5Ј-TACCCATTCTAACCAAGC-3Ј) (41) in a twostep process. In the first step chromosomal DNA was amplified in a 50-l PCR mixture (a 1 M concentration of primers, 0.2 g of DNA, a 40 M concentration of each deoxynucleoside triphosphate, 1.2 mM MgCl 2 ) with the following PCR program: 93°C for 3 min; 30 cycles of 93°C for 1 min, 48°C for 1.5 min, and 72°C for 1 min; and an extension at 72°C for 4 min. The 80-bp PCR product was then purified using a 1.6% SeaKem GTG (BioWhittaker Molecular Applications) agarose gel. The agarose piece was melted in 1 ml of Tris-EDTA at 65°C, and 2 l was reamplified under the same conditions except that 0.7 M [␣-32 P]dCTP was used instead of dCTP. The probes were hybridized to filters made from the 96-well input pool microtiter dish. Mutant strains that hybridized to the input pool probe, but not to the output pool probes, in two experiments were chosen for further study. (57) and incubated at 37°C for 30 min to induce starvation. Bacteria were added at an MOI of 10:1 to amoeba monolayers for 2 h. After the monolayers were washed two times with AC salts, gentamicin 200 g ml Ϫ1 was added for 2 h to kill extracellular bacteria. Each well was then washed three times with AC salts, and then either 1 ml of sterile distilled water or 1 ml of PYG buffer with streptomycin (40 g ml Ϫ1 ) was added. For time points after 4 h, assays were performed in PYG buffer because amoebas died when incubated in AC salts for longer than 24 h (data not shown). Monolayers were lysed with four passes through a 27-gauge needle, and L. pneumophila cells were counted by plating on BCYE␣-MOPS agar. For time points after 4 h, the entire sample was transferred to a microcentrifuge tube and spun for 5 min at 15,000 ϫ g. The pellet was resuspended in 1 ml of sterile distilled water, and the amoebas were lysed as described above.
L. pneumophila attachment to A. castellanii. Attachment assays were performed in triplicate in the same manner as invasion assays except that all steps were carried out in the presence of cycloheximide (100 g ml Ϫ1 , Sigma). Cyclohexiamide has been shown to prevent L. pneumophila uptake by amoebas (2) . Previous experiments measuring wild-type L. pneumophila attachment to A. castellanii as a function of time showed that after 30 min the percent attachment did not change (data not shown). Therefore, attachment was allowed to occur for 30 min and the monolayers were washed five times in AC salts prior to disrupting the amoeba-L. pneumophila interaction in 1 ml of sterile distilled water with a 27-gauge needle.
A. castellanii cytotoxicity assays. Invasion assays were performed as described above using bacteria grown in BYE␣-ACES at an MOI of 100:1. Prior to processing the sample, gentamicin was added at 200 g ml Ϫ1 for 2 h to kill L. pneumophila from lysed amoeba in the extracellular media, since L. pneumophila in high concentrations can interfere with the assay (data not shown). For each sample, the monolayer and supernatant were collected and spun at 5,000 ϫ g for 5 min. The supernatant was removed, and the cells were resuspended in 1 ml of AC salts. The 5-min spin was repeated, the supernatant was again removed, and the sample was resuspended in 100 l of AC salts and transferred to a 96-well plate. For quantitation, an uninfected amoeba culture was added to 10 wells in duplicate in a range of concentrations. To calculate the number of amoebas per control well, an amoeba control culture cell count was determined on a hemocytometer in the presence of 1% Eosin Y (Sigma) in phosphatebuffered saline. A Celltiter 96 AQueous kit (Promega), based on a modification of the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] technology (22) , was then used to develop the samples. In viable cells, MTT is reduced to insoluble blue formazan. The Celltiter 96 AQueous kit uses a modification of this compound that is soluble when reduced and can be monitored colorimetrically. The samples were read on a Microplate autoreader (Bio-tek Instruments) at 490 nm. The controls were plotted and fitted to a line. The mutants were tested by the same method except that only a 96-h time point sample was taken.
L. pneumophila invasion of and replication in H. vermiformis. Wild-type or mutant strains of L. pneumophila were grown to post-exponential phase in a roller at 37°C in BYE␣-ACES. To induce starvation, 1 ml of Pucks Saline F was added and the amoeba were incubated at 37°C for 30 min (49). Bacteria were added at an MOI of 10:1 to amoeba monolayers. Invasion was allowed to occur over a 2-h period. Gentamicin at 200 g ml Ϫ1 was added for 2 h to kill extracellular bacteria. Each well was then washed three times with medium 1034, and then either 1 ml of sterile distilled water or 1 ml of medium 1034 was added. Monolayers were processed as described above.
L. pneumophila invasion of and replication in U-937 cells. Tissue culture assays were performed at 37°C in a 5% CO 2 incubator using RPMI 1640 with glutamine and 10% fetal bovine serum (FBS) (GibcoBRL) unless otherwise stated. U-937 cells (ATCC CRL-1593.2) (79) were differentiated with 12-myristate 13-acetate (PMA; Sigma) for 48 h (8, 61). Wild-type and mutant L. pneumophila strains were grown to post-exponential phase in BYE␣-MOPS and added to differentiated U-937 monolayers in 24-well tissue culture dishes for 1 h at an MOI of 5:1. After the monolayers were washed three times with RPMI 1640, 10% FBS, gentamicin at 200 g ml Ϫ1 was added for 2 h to kill extracellular bacteria. Each well was then washed three times with RPMI 1640-10% FBS and then either 1 ml of sterile distilled water or 1 ml of RPMI 1640-10% FBS, with streptomycin (40 g ml Ϫ1 ) being added for later time points. Monolayers were processed as described above.
L. pneumophila invasion of and replication in macrophages. PBMCs were isolated as previously described using a Ficoll gradient (Sigma) (47, 80) . PBMCs were allowed to adhere to 24-well, tissue culture dishes for 24 h at 37°C in RPMI 1640 and 15% human serum (Sigma) and then were washed three times with the same medium. The monolayers were allowed to differentiate for an additional 6 days in the same medium. After the monolayers were washed once, the invasion and intracellular replication assays were carried out in RPMI 1640-10% FBS at 37°C. Wild-type and mutant L. pneumophila strains were grown to post-exponential phase in BYE␣-ACES broth and added to monolayers in 24-well, tissue culture dishes for 2 h at an MOI of 1:1. Gentamicin at 200 g ml Ϫ1 was added for 2 h to kill extracellular bacteria. Each well was then washed three times with RPMI 1640-10% FBS and then either 1 ml of sterile distilled water or 1 ml of RPMI 1640-10% FBS, with streptomycin (40 g ml Ϫ1 ) added for later time points. Monolayers were processed as described above.
Sodium sensitivity. The sodium sensitivity of wild-type L. pneumophila and mutant strains was determined by growing each of the strains to post-exponential phase and plating serial dilutions in sterile distilled water on BCYE␣-MOPS and BCYE␣-MOPS containing 125 mM NaCl.
Inverse PCR to obtain sequence flanking transposon insertions and further sequencing. Inverse PCR was used to clone the 5Ј end of the transposon and its junction with the L. pneumophila chromosomal sequences. Chromosomal DNA from each of the mutants was purified, and 1.5 g was partially digested with Sau3A I or fully digested with HhaI prior to self-ligation overnight at 14°C in a total volume of 300 l as described (59) . The primers used for the inverse PCR were ISau5x (5Ј-AAGATCTAGAAATAGCGGCAAAAATAATACC-3Ј), starting at nucleotide 107 within the transposon, and IPCR3 (5Ј-GCAGCGTT GGGTCCTGGAGATCCTCTA-3Ј), starting at nucleotide 53 within the transposon (23) . DNA was amplified in a 50-l reaction mixture (a 300 nM concentration of each primer, 0.75 g of ligated DNA, 2.2 mM MgCl 2 , and a 200 M concentration of each deoxynucleoside triphosphate) using the following PCR program: 94°C for 3 min; five cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for 4 min; 25 cycles of 94°C for 30 s and 68°C for 4.5 min; and finishing with an extension at 68°C for 20 min. PCR products were gel purified with a SPIN-X kit (Costar) and ligated to the TA vector pCR 2.1 (Invitrogen) or digested with XbaI prior to ligating into either pUC18 (86) or pAP128 (A. Polesky, unpublished data). Sequence was obtained using M13 universal primers and a primer within the transposon, KanЈ (5Ј-GCCTCTTCCGACCATCAAGC-3Ј), at either Protein Design Labs or the Howard Hughes PAN Facility at Stanford University. Sequences were compared to those of known genes within the NCBI combined databases by using the BLAST search program (3) .
For a subset of the strains, further DNA sequence flanking the transposon insertion was obtained by subcloning from a cosmid library. The cosmid library was a kind gift from N. Cary Engleberg and is similar to the one published by J. Arroyo et al. (6) . Probes were made from the library by PCR using the IPCR3 and KanЈ primers described above. PCR products were labeled with [␣-32 P] dCTP (Amersham) using Ready-To-Go DNA labeling beads (Amersham) according to the manufacturer's instructions. For signature-tagged mutant 2 (STM-2) and STM-6, an SstI and EcoRI cosmid fragment, respectively, was identified by Southern blot analysis (78) and subcloned into pUC18 and sequenced. Additional sequence flanking the STM-1 insertion was obtained by directly sequencing from the cosmid.
Nucleotide sequence accession numbers. The sequences flanking the transposon insertions in STM-1, -2, -4, and -6 have been deposited in the GenBank database under the following accession numbers, respectively: AF317390, AF315463, AF315577, and AF315650.
RESULTS
Negative selection of L. pneumophila transposon mutants defective for intracellular replication. Virulent L. pneumophila is able to replicate and/or persist in free-living amoebas (4, 44, 66, 83) . To determine the most ideal conditions for the identification of genes important for the ability of L. pneumophila to replicate in amoebas, we first explored the relationship between intracellular bacterial growth and host cell survival. L. pneumophila cells were allowed to invade amoebas for 2 h, and then gentamicin was added to kill extracellular bacteria. At various time points, amoeba viability was determined and intracellular bacterial CFU counts were determined. At 37°C, L. pneumophila grew well within amoebas (undergoing a 478-fold increase in number). Amoeba viability declined between 48 and 120 h postinfection (Fig. 1) . Therefore, the negative selection procedure was performed at 37°C, and the output pool for the signature-tagged mutagenesis was isolated 72 h after infection, at the end of bacterial replication but before amoeba viability significantly declined.
A single input pool (one microtiter dish containing 96 unique mutant strains) was grown on BCYE␣-MOPS agar for 72 h and combined. Infections of amoeba monolayers (approximately 5 ϫ 10 5 cells per well) were performed at an MOI of 10:1. Average L. pneumophila invasion under these conditions was 0.3 to 1%. This MOI made it likely that each amoeba was infected with a single mutant strain and that each mutant strain was represented about 100 times. Output pools, consisting of between 10 6 and 10 8 CFU, were collected at 72 h and plated. Each mutant pool was independently screened twice to minimize the number of false-positive strains identified. [␣-
32 P] dCTP radiolabeled tags were prepared by PCR from the input pool and both output pools for each experiment and hybridized to replica dot blots containing DNA from the input pool. From the first 700 clones screened, 12 hybridization signals were absent from both output pools, and these isolates were evaluated further.
Ability of wild-type and mutant L. pneumophila strains to invade and replicate within A. castellanii. Each of the 12 mutants missing from the output pools was tested individually for its ability to invade and replicate in A. castellanii. Wild-type L. pneumophila and a salt-resistant mutant, selected by serial passage on salt-containing media, were used as positive and 
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LEGIONELLA GENES IMPORTANT FOR AMOEBA INFECTION 979 negative controls, respectively. The salt-resistant strain is avirulent in all cell types tested (see below). Six mutants differed significantly from the wild type in their ability to invade and grow within A. castellanii (Fig. 2) . None of the six mutants had a growth defect in broth (data not shown). STM-1 and STM-2 invaded A. castellanii as efficiently as the wild type and either persisted and did not replicate or were killed at the same rate that they replicated. STM-4 entered A. castellanii at a slightly lower rate than the wild type and replicated intracellularly, but not as efficiently as the wild type, as indicated by the slope of its intracellular growth curve.
STM-3, -5, and -6 were 39.8-, 7.6-, and 778.3-fold less invasive, respectively, than the wild type (P Ͻ 0.05), as indicated by the decrease in CFU recovered at 4 h after invasion. To determine whether the defects in invasion were related to defects in adherence to A. castellanii, the mutants were tested for their ability to attach to amoebas pretreated with cycloheximide. Cycloheximide previously has been shown to prevent uptake by amoebas and subsequent intracellular replication of L. pneumophila (2) . As shown in Fig. 3 , STM-3 was the only mutant significantly different from the wild type, with an 8.1-fold decrease in attachment efficiency (P Ͻ 0.05). However, the 8.1-fold adherence defect observed with STM-3 probably does not fully account for its 39.8-fold decrease in invasion, suggesting an independent invasion defect. From these experiments, we cannot determine whether STM-3 and STM-6 strains were unable to enter cells or were being killed immediately after entry; experiments are under way to assess these possibilities. The number of colonies isolated for STM-3, -5, and -6 decreased as a function of time, suggesting that these strains could not survive intracellularly.
Since wild-type L. pneumophila is cytotoxic to A. castellanii, we next tested the cytotoxicity of mutant strains to amoeba cultures (Fig. 4) . Ninety-six hours after infection with wild-type L. pneumophila only 11.7% of the amoebas survived, whereas 96 h after infection with STM-6 94.3% of the amoebas survived. Infection with STM-1, -2, -3, and -5 also resulted in a decreased level of cytotoxicity compared to the wild type, with 58.4 to 76.5% of the host cells surviving. STM-1, -2, -3, -5, and -6 do not replicate within A. castellanii (Fig. 2) and are cytotoxic to a lesser degree than the wild type (P Ͻ 0.05). In contrast, STM-4, which did replicate intracellularly, although at a lower rate than the wild type, killed amoebas as efficiently as the wild type did.
Six of the mutants tested individually in A. castellanii were not significantly different from the wild type in invasion and intracellular replication assays (data not shown). There are several possible explanations for the identification of six clones with intracellular growth characteristics similar to those of wild type. First, the strains were selected in a competition but subsequently were tested individually rather than in a mixed infection with the wild type and a single mutant (21) . Second, the growth conditions prior to invasion (see below) and the growth phase of the mutants are known to affect invasion frequency (14; A. Polesky, unpublished data); for technical reasons, the initial screening was performed using plate-grown bacteria, while the testing of individual mutants was performed with bacteria grown to post-exponential phase in aerated liquid culture. Finally, these six mutants may be false positives. Given the ease of testing individual mutants within amoebas (as opposed to within animals), optimization of the pool complexity and further repetitions of the screens were not performed (19, 21, 27) .
Ability of wild-type and mutant L. pneumophila strains to replicate within H. vermiformis and effect of growth media on invasion frequency. To test whether the disrupted genes are also important in another free-living amoeba, all six mutants were next tested in H. vermiformis. Although H. vermiformis and A. castellanii are both found in potable water supplies, H. vermiformis is isolated more often at higher temperatures and has been found in water sources linked to hospital outbreaks of Legionella pneumonia (11, 32) . The correlation between H. vermiformis isolation from water supplies and nosocomial Legionnaires' disease suggests that H. vermiformis may be important for Legionella spread to humans.
Preliminary experiments to establish conditions for assaying L. pneumophila invasion and replication in H. vermiformis showed that the invasion frequency of wild-type L. pneumophila grown in BYE␣-MOPS (the medium used for previous experiments) was less than 0.1%. However, L. pneumophila grown to post-exponential phase in BYE␣-ACES invaded H. vermiformis 100-fold more efficiently than L. pneumophila grown in BYE␣-MOPS (Fig. 5A) . Subsequent experiments have shown that growth of wild-type L. pneumophila in BYE␣-ACES improved invasion frequency of all of the cell types used in this work from 10-to 100-fold (data not shown). These two media differ primarily in the buffer used and the amount of yeast extract and ␣-ketoglutarate present (Materials and Methods).
Because wild-type L. pneumophila invades H. vermiformis more efficiently after growth in BYE␣-ACES, we chose to grow the STMs in BYE␣-ACES to evaluate H. vermiformis invasion. The results of the experiments using H. vermiformis are shown in Fig. 5B . STM-2, -3, -5, and -6 invade H. vermiformis between 33.9-and 58.9-fold less efficiently than does the wild type. Two of the mutants, STM-2 and STM-5, have invasion deficits of greater magnitude in H. vermiformis than in A. castellanii (Fig.  2) , and the invasion frequencies of STM-2, -3, -5, and -6 are significantly different from the invasion frequency of the wild type (P Ͻ 0.05).
We suspected that these additional invasion defects were a result of changing the growth medium from BYE␣-MOPS to BYE␣-ACES. To address this question, the H. vermiformis invasion frequencies for STM-2, -3, -5, and -6 grown to postexponential phase in BYE␣-MOPS were measured. After growth in BYE␣-MOPS, the differences in invasion frequency between STM-2, -3, and -5 and the wild type diminished significantly and the invasion frequencies of STM-2, -3, and -5 were no longer significantly different from that of the wild type ( Fig. 5C and d) . Although the invasion frequencies of STM-2, -3, and -5 were affected by the media they were grown in, the intracellular growth rates of the mutants once internalized were unaffected (data not shown), suggesting that the small number of organisms measured are intracellular (L. pneumophila does not grow in 1034 media). When STM-2, -3, and -5 were grown in BCYE␣-ACES rather than BCYE␣-MOPS, a BYE␣-ACES-dependent invasion deficit was also present in A. castellanii and PBMC-derived macrophages (data not shown). These data suggest that BYE␣-ACES broth activates a pathway in L. pneumophila which significantly increases the ability of the wild type to invade multiple cell types and that the mutations in strains STM-2, -3, and -5 interfere with this pathway. On the other hand, STM-6 invaded H. vermiformis poorly in both types of media and has a broth-independent invasion phenotype.
Intracellular replication of the mutants was also assessed during these experiments. STM-2, -3, -5, and -6 all have a replication defect in H. vermiformis (Fig. 6) . STM-1 and -4 have a Ͻ10-fold defect in H. vermiformis invasion, and the slopes of the intracellular growth curves are not significantly different from the slope of the wild-type growth curve (data not shown). These results suggest that STM-1 and STM-4 may contain insertions in genes more important for intracellular replication within A. castellanii.
Ability of wild-type and mutant L. pneumophila to invade and replicate within macrophage-like cell lines and PBMCderived macrophages. Although our main goal was to identify L. pneumophila genes important for infection of amoebas we also wanted to know if any of the mutants isolated had phenotypes in macrophages. First, the mutants were tested for their ability to invade and replicate within PMA-differentiated U-937 cells (Fig. 7) , a macrophage-like cell line used previously in other laboratories to isolate L. pneumophila mutants with virulence defects (35, 36) . All of the mutants replicated within U-937 cells. Those mutants unable to replicate in amoebas had only subtle defects in U-937 cells compared to the wild type. As expected, the salt-resistant control was unable to grow intracellularly.
We postulated that the U-937 tissue culture cell line may be different in its response to L. pneumophila infection compared to primary macrophages. The mutants were therefore tested for their ability to invade and replicate within human macrophages derived from PBMCs (Fig. 8) . In human macrophages, STM-1 and STM-4 entered and replicated as well as the wild type (data not shown), but the other four mutants did not. STM-2 and STM-5 entered between 23-and 648-fold less efficiently than the wild type (after growth in BYE␣-ACES) (P Ͻ 0.05), but replicated at the same rate as wild type. STM-3 and STM-6 did not replicate effectively within macrophages. Our results indicate that PMA-differentiated U-937 cells may not be as efficient as human macrophages in killing these strains, and additional experiments in U-937 cells were not pursued. Salt resistance of wild-type and mutant L. pneumophila strains. Because some avirulent L. pneumophila mutants are salt resistant, the growth of the STMs on sodium chloridecontaining media was tested (16, 68, 82) . The connection between salt resistance and avirulence is important because wild-type L. pneumophila become salt sensitive during postexponential phase, a period of growth when other L. pneumophila potential virulence characteristics are expressed (cytotoxicity and flagella) (14) . To determine if any STMs were salt resistant, the percent salt-resistant bacteria was determined by plating post-exponential cultures on BCYE␣-MOPS with and without 125 mM NaCl. Only 0.01% of the wild-type input was able to grow on salt-containing media, compared to 110% of the salt-resistant control. The results, presented in Table 1 , indicate that only STM-6 was completely salt resistant. Interestingly, STM-4 was partially salt resistant, even though it was only mildly defective in intracellular replication assays.
Cloning of DNA flanking the transposon insertions. Each of the mutants was found to contain a single transposon insertion at a unique location within the L. pneumophila chromosome by Southern blot analysis (data not shown). The DNA junctions between the transposon insertions and flanking L. pneumophila DNA were cloned using inverse PCR, and 30 to 300 nucleotides of sequence was obtained for each of the six clones. Five clones ( Table 2) had amino acid sequences with statistically significant similarities to sequences from other known proteins, and the L. pneumophila DNA sequence from these five PCR fragments was used to probe a cosmid library to obtain more complete sequence. STM-3 and STM-5 contain insertions within known L. pneumophila genes. The STM-3 insertion is in the lspK gene, encoding part of a type II secretion system (38) . The gene disrupted in STM-5 is aroB (27) . STM-1 has an insertion within a gene with amino acid similarity to the cytochrome c-type biogenesis protein, CycK (ccmF gene), of Pseudomonas fluorescens (accession no. P52225). STM-2 contains a disruption in a gene encoding a protein similar in amino acid sequence to a transcriptional activator in Vibrio cholera and Pseudomonas aeruginosa that regulates flagellar biosynthesis (51, 64) . Finally, STM-6 contains an insertion in a gene showing similarity to the traA gene of Rhizobium sp. Strain NGR234 that is involved in conjugation of plasmid DNA (34) .
DISCUSSION
Screening of STMs in
A. castellanii is a successful strategy for isolating L. pneumophila mutants attenuated in multiple cell types. The isolated mutants had a range of phenotypes affecting both invasion and intracellular replication, and a subgroup of the mutants was selectively defective within amoebas and not within PBMC-derived macrophages. During these experiments, we showed that the phenotype of mutants within a particular macrophage-like cell line may not be the same as in PBMC-derived macrophages and that different growth media significantly affect L. pneumophila invasion.
The invasion and replication phenotypes of the six mutants are summarized in Table 3 . In A. castellanii, STM-3 and STM-6 were 39.8-and 778-fold less invasive than the wild type, respectively, independent of the growth medium used. All six The phenotype of the mutants in PMA-differentiated U-937 cells was different from that in amoebas in that all of the mutants were able to replicate intracellularly. Furthermore, STM-3 and STM-6 were able to grow within U-937 cells but did not replicate well in primary macrophages, similar to the results seen in H. vermiformis. In contrast to H. vermiformis, STM-2 and STM-5, once within PBMC-derived macrophages, grow at the same rate as the wild type. Macrophage-like cell lines, compared to one another and compared to primary macrophages, control the replication of intracellular pathogens to different extents (13, 71) ; consequently, use of transformed cell lines may be misleading for strains with partial defects in virulence. Because PMA-differentiated U-937 cells are inefficient at killing all but the most severely affected L. pneumophila mutants, it is hard to interpret the results of experiments performed with this cell line.
The invasion frequency, relative to that of the wild type, of three mutants, STM-2, -3, and -5, was dependent upon the broth in which they were grown. This was true in all of the cell types tested. We do not yet understand which component or combination of components in the two media gives rise to this difference. Hammer et al. have shown that presence of ppGpp (a signal during amino acid starvation) is important for the expression of virulence characteristics (40) . However, simply lowering the amount of yeast extract in BYE␣-MOPS does not improve invasion frequency (A. Polesky and J. Ross, unpublished data), suggesting that the signal in BYE␣-ACES is more complex than merely the amino acid pool of the broth. As a tool, however, this observation has allowed us to identify genes that are in some way important for the expression of these virulence traits. We are currently investigating the basis for this result, as it is likely to increase our understanding of conditions that promote L. pneumophila virulence.
In summary, six L. pneumophila mutants identified by screening a signature-tagged transposon library in A. castellanii were studied in detail in four cell types (Table 3) . Two of these mutants, STM-1 and STM-4, were most defective in the host cell in which they were selected. Four of the mutants, STM-2, -3, -5, and -6, did not replicate as efficiently in the two types of amoeba tested. STM-2 and STM-5 exhibited a defect in invasion of human macrophages but, once internalized, replicated well. Thus, STM-2 and STM-5 appear to have an amoeba-spe- a Percent NaCl-resistant CFU was determined for strains grown to post-exponential phase with the following formula: (CFU on BCYE␣-MOPS plus 125 mM NaCl/CFU on BCYE␣-MOPS) ϫ100.
b Statistically different from wild type (P Ͻ 0.05).
cific replication defect. Two of the mutants, STM-3 and STM-6, do not replicate efficiently in amoebas or macrophages.
For each of the mutants described, we have been able to clone the region of L. pneumophila DNA containing the transposon insertion. Five sequences have amino acid similarities to other sequenced genes; the sixth sequence, flanking the STM-4 transposon insertion, has no known sequence homology. The location of four of the transposon insertions are intriguing, since they occur in genes known to be involved in virulence in L. pneumophila or in other bacterial species. Final proof of the role of each individual gene will require either complementation of the disrupted gene or replication of the phenotype in a strain with an in-frame deletion within the putative virulence gene, work that is currently in progress. Nevertheless, the gene sequence and homology information revealed varied classes of genes as important for L. pneumophila virulence.
The location of the STM-1 insertion is in a gene with similarity to the cytochrome c-type biogenesis gene, ccmF (encoding the CycK protein), of P. fluorescens (accession no. P52225). Cytochrome c-type proteins play a role in anaerobic respiration and nitrogen symbiosis (48, 53) . CycK has been proposed to play a role in the covalent linkage of the heme moiety to apocytochrome c (48, 65) . The function of cytochrome c-type biogenesis proteins in legionellae is unknown. Potentially, they could allow the bacteria to adapt to a more anaerobic environmental niche. It is interesting that STM-1 has a growth defect only in A. castellanii, suggesting that the intracellular milieu of A. castellanii may be different than that of H. vermiformis.
The STM-2 insertion is within a sequence with homology to transcriptional activators within two-component regulatory systems. The sequences to which the gene is most closely related are the transcriptional activators flrC, within the twocomponent regulatory system flrB and flrC of V. cholera, and fleS, within the two-component regulatory system fleR and fleS of P. aeruginosa. Both these systems regulate flagellar biosynthesis. In addition, fleR and fleS regulate P. aeruginosa adhesion to mucin. Both two-component systems are themselves regulated via an alternative sigma factor, 54 (51, 64) . STM-2 does not replicate well inside of amoebas and has a BYE␣-ACES-dependent invasion deficit, raising the possibility that a pathway important for invasion when bacteria are grown in BYE␣-ACES media may be interrupted in this mutant.
The STM-3 insertion is in the lspK gene from L. pneumophila. This gene is part of the lspFGHIJK operon, which encodes a type II secretory system (38) . A deletion in the lspGH genes impaired L. pneumophila replication in A. castellanii, but not within the macrophage-like cell line HL-60 (38) . In agreement with this result, STM-3 has a more subtle phenotype in U-937 cells than in amoebas. We propose that in PBMCderived macrophages, the lspK gene product may be more important for intracellular replication than in macrophage-like cell lines.
STM-5 has an insertion within the aroB gene of L. pneumophila. The aroB gene encodes a metabolic enzyme involved in biosynthesis of aromatic amino acids. This mutation was also isolated in a guinea pig screen of L. pneumophila signaturetagged mutants using an overlapping library and is the only gene present both in the six mutants presented in this paper and the 16 identified by Edelstein et al. in their guinea pig screen of L. pneumophila STMs (27) . In Salmonella enterica serovar Typhimurium, a mutation within the aroB gene leads to a strain with an attenuated phenotype in mice (37) . It is thought that mutations within the aromatic amino acid synthesis pathway can lead to decreased virulence because the bacteria cannot obtain aromatic amino acids or appropriate precursors within the experimental environment (17) ; this is one possible explanation why STM-5 cannot replicate within amoebas but can replicate within human cells. The availability of different metabolites within amoebas and the media as well as the actual metabolic pathways within amoebas may not be the same as that in mammalian cells. Whether the BYE␣-ACESdependent invasion deficit in STM-5 is due to the mutation in aroB, a polar effect, or an impaired regulatory pathway has not been determined yet.
The STM-6 transposon insertion is located in a gene with similarity to a conjugal transfer protein gene, traA, of Rhizobium sp. strain NGR234 (34) . This gene is not within the previously isolated dot-icm or lvh loci. These loci encode putative proteins with similarity to the Tra and Trb proteins of the plasmid collb-P9 and the vir secretion system of Agrobacterium tumifaciens (lvh locus), type IV secretion systems involved in DNA transfer (52, 73) . In L. pneumophila, the doticm-encoded putative secretory system appears to be necessary for pore formation, as well as the proper trafficking of virulent L. pneumophila (50, 75) . Mutations in some of the dot-icm genes also abolish conjugation of plasmids (72, 81) . Like many of the strains with mutations in the dot and icm loci, STM-6 cannot replicate in amoebas and PBMC-derived macrophages. STM-6 is unable to kill A. castellanii and is salt resistant, as are many of the dot and icm mutant strains (5, 9, 63, 68, 72, 74, 82) .
In summary, transposon mutagenesis of L. pneumophila and screening of signature-tagged strains in the amoeba A. castellanii have yielded mutants with an array of phenotypes in invasion and intracellular replication. Mutations within two genes appear to be A. castellanii specific; two additional mutations lead to intracellular replication defects that are amoeba-specific. It will be interesting to determine why these genes are required for intracellular replication in amoebas but not macrophages. Finally, two mutants were unable to replicate in amoebas and human macrophages and are likely to have a more global role in virulence. Of the six genes sequenced to date, one of them was contained in the 16 genes isolated by an overlapping library in guinea pigs (27) . Interestingly, no dot or icm genes were identified during this pilot screening. This is likely a result of the small number of clones screened. The use of free-living amoebas to perform the selection has led to the isolation of strains with decreased virulence in amoeba as well as in vitro in PBMC-derived macrophages. The locations of the transposon insertions suggest that different classes of L. pneumophila genes are involved in virulence.
